A preprocessing program for a distributed hydrological model is very important because it will greatly influence the results of runoff simulation. Runoff simulations include several procedures, such as the determination of flow directions, definition of runoff routing orders, estimation of flow accumulation areas and extraction of drainage networks, etc. In order to simplify the development work and to improve the efficiency of model development, a preprocessing program was developed that can work independently with a graphic user interface. Only digital elevation model (DEM) data are required in this program and characteristics of the program include the following components: (1) a method for the determination of flow direction without sink filling; (2) a leaf clipping method for watershed partitioning; and (3) the determination of the order of runoff routing according to a topdown method. Finally, a case study in the Lhasa River basin is presented, and three case studies in the Wei River, Zhangweinan River and Sanchuan River basins are selected to validate the program.
INTRODUCTION
The delineation of drainage systems is important to reflect the geological and hydrological characteristics of a watershed and is critical for many hydrologically related applications.
Initially, drainage networks were extracted manually from field observation data, local topographic maps or photographic interpretations (Lopez García & Camarasa ).
With the occurrence of digital elevation models (DEM), which is the most widely available type of spatially distributed terrain dataset, drainage networks could be extracted using an automated approach via a computer (Moore et al. Several methods have been proposed to identify flow directions as the basic work of river network delineation.
The D8 method, the earliest and simplest method for specifying flow direction, was proposed by O'Callaghan & Mark () and numerous algorithms based on this approach example, sink filling is required in some approaches, which involves adjusting the elevation of sink grids. This may lead to more artificial drainage networks in depression and flat areas. Some methods are too complex to be implemented for practical applications (Fairfield & Leymarie ; Tarboton ; Seibert & McGlynn ) . It is difficult to select a method that can be adopted under different situations and that also has a simple structure.
A sub-catchment is required when lumped or semidistributed modelling is used for data analysis in large areas, such as in the SWAT, TOPMODEL and HBV models (Beven ; Lindström et al. ; Arnold et al. ) . Each sub-basin is assumed to be homogeneous and its appearance mainly depends on different river network patterns (e.g., feather, leave and branch). Therefore, an appropriate sub-basin scale should be identified efficiently and adequately for watershed divisions in hydrological models. In addition, the rational runoff routing order is critical for hydrological models to make good predictions.
A new type of preprocessing program is proposed in this paper. The functions of this program include the determination of flow directions, the extraction of river networks and the division of sub-basins. An advantage of the preprocessing program is that disconnected or parallel drainage networks can be avoided by using an algorithm based on graph theory that does not require sink filling. The runoff routing order can also be determined automatically using a top-down method. Moreover, a leaf clipping method for watershed division is available for lumped hydrological models. Finally, the suitability of the preprocessing program is compared with two other methods using case studies from the Lhasa River, Wei River, Zhangweinan River and Sanchuan River basins.
METHODOLOGY DESCRIPTION
Similar to the hydrological module within ArcGIS, the preprocessing program is developed to automatically and independently delineate river basins, divide sub-basins and extract drainage networks from the DEM data with a visual interactive interface. The main functions of the program are described below.
Flow direction
Surface flow paths were obtained from DEM data by connecting grid cell centres along predetermined flow directions (Orlandini & Moretti ) . Numerous methods to determine flow direction have been applied successfully in mountainous regions. Nevertheless, some problems, such as those with artificial plains, still exist when these methods are used for flat or gently sloped areas that have sink filling. A graphic theory-based algorithm was proposed by Yoeli () to resolve this problem. The application of this method combined with a method proposed by Ye 
End.
An example is given to illustrate how to identify the flow direction of each grid cell in a catchment by the preprocessing program:
1. Input the DEM data into the preprocessing program and define the grid cell (69) with the lowest elevation as the outlet (Figure 2 5. Repeat step 2: calculate the maximum difference between each grid cell in Stack II to its neighbours (Table 1(b)). Then, the accumulation value of each grid cell is added to its neighbouring grid cells according to flow direction (Goodchild ) . A flow accumulation matrix is shown in Figure 3 
Define the flow directions of two grid cells in Stack II

Sub-basin
The catchment needs to be divided into several sub-basins to represent spatially variable runoff characteristics of the study area in lumped or semi-distributed hydrological models (Colombo et al. ) . A simple algorithm called the leaf clipping method was developed to divide watersheds in the preprocessing program:
1. A flow accumulation threshold was set.
2. Grid cells that had flow accumulation values close to the threshold value (called control points) were found. The grid cells that were upstream of each control point were joined together as one sub-basin according to the flow direction matrix.
3. These sub-basins were deleted and the flow accumulate matrix was recalculated.
4.
Step 2 was repeated until the whole catchment was divided.
A flow accumulation threshold value (2) was set and two grid cells with the same threshold values were found using the flow accumulation matrix (Figure 4(a) ). Two sub-basins were delineated and removed from the basin ( Figure 4(b) ). The flow accumulation matrix was recalculated, the grid that was closest to the threshold value was selected, and the upstream grid cells were joined together as one sub-basin ( Figure 4(c) ). The sub-basin was deleted and the previous step was repeated. The basin was divided into four sub-basins by the preprocessing program ( Figure 4(d) ).
Order of runoff routing
A method proposed by Xu () was integrated into the preprocessing program to define the runoff simulation order of each grid cell. The procedure is illustrated in these five steps:
1. The distance of each grid cell to the outlet is calculated and the cell that has the longest distance (named P) is defined to be the first in order for runoff simulation.
2. If the grid cell downstream of P (named Q) is not a single node, move to step 3. Otherwise, If Q is a single node and not set as the outlet, Q is defined as the second in order and is deleted from the catchment, move to step 4.
If Q is a single node and set as the outlet of the basin, move to step 5.
3. Identify the grid cell upstream of Q (named R) that is a single node with the longest distance to Q. R is the next cell in order, is removed from the basin, and is defined as P. Return to step 2.
4. Define Q as P and return to step 2.
5. Define Q as the last cell in order for runoff simulation so that the simulation order of each grid cell in the catchment is defined.
In the example, it was found that grid cell 80, which had the longest flow length, was defined to be the first in order for runoff simulation (Figures 5(a) and 5(b)).
Next, grid cell 80 was deleted and the downstream grid cell (74) became a single node. Grid cell 80 was defined to be the second in order and was removed from the map ( Figure 5(c) ).
However, grid cell 74, which was downstream of grid cell 80, was not a single node. Each grid cell upstream had the same distance to grid cell 72. The neighbouring grid cell (78) was defined to be the third in order and was deleted from the basin. Return to grid cell 72 (Figures 5(d) and 5(e)).
Grid cell 72 could not be defined until the order of another two neighbouring cells (81 and 82) were defined (counter clockwise). The grid cell downstream of 72 (73) was defined as the seventh in order, and we moved to grid cell 69 (Figures 5(f)-5(k)).
Grid cell 69 was not a single node. The grid cell upstream (76) that had the longest distance to grid cell 69 was defined as the eighth in order, and its downstream grid cell (71) was defined to be next in the order (Figures 5(l) and 5(m)).
There was still a grid cell that was upstream of grid cell 69 (75), which was defined to be tenth in order. Grid cell 69 was defined to be the last in order for the runoff simulation (Figures 5(n)-5(q)).
CASE STUDIES Drainage networks identification
A case study in the Lhasa River basin was carried out to select the appropriate threshold for drainage delineation.
The preprocessing program was compared with other methods (e.g., the Agree and Dinf methods) by extracting drainage networks from different resolution DEM data.
The applicability analysis of these three methods in different river basins (the Wei River, the Zhangweinan River and the Sanchuan River basins) is presented.
Threshold selection
Three horizontal resolutions (500, 1,000 and 5,000 m) of DEM data from the Lhasa River basin (32,000 km 2 ) were used for drainage extraction. Different threshold values (50, 100, 500, 1,000, 2,000, 5,000 and 10,000 km 2 ) were chosen to analyse the relationships of thresholds and the distances between extracted drainage networks and the streams.
The digital drainage network of the Lhasa River basin was divided into several points using the 'Feature to Point' tool in ArcGIS, which creates point feature classes according to the parametric curves and central positions of the line. Although the distribution of discrete points was uneven in the western part of the basin, the whole drainage network could be reflected by these points (Figure 6(a) ). The closest distance between each discrete point to the extracted drainage network was calculated and the average value was used for evaluation purposes (Figure 6(b) ).
The distance between discrete points and the gener- Despite there being no standard evaluation for drainage network extraction, the average distance from discrete points to the extracted networks changed slightly (i.e., below 0.1 km) with the threshold being smaller than 2,000 km 2 and then increased rapidly when the threshold was greater than 2,000 km 2 . Shorter distances were obtained under a smaller threshold (500 km 2 ) but denser drainage networks were also generated that contained more artificial branches and made these discrete points closer to the artificial tributaries. Therefore, the appropriate threshold value was set as 1/32 of the catchment area (1,000 km 2 ) for high resolution of DEM data (500 and 1,000 m) and was defined as 1/16 of the river basin (2,000 km 2 ) for low resolution of DEM data (5,000 m).
Drainage network extracted from DEM with different resolutions
In order to evaluate the performance of drainage networks extracted by the preprocessing program on different resolution of DEM data, two methods (i.e., the Agree method with sink filling and the Dinf method) were used for comparison using the same threshold values (1,000, 1,000 and 2,000 km 2 for 500, 1,000 and 5,000 m resolution of DEM data, respectively). Figure 7(c) ). The results from the preprocessing program were more coincident with actual streams than the results obtained using the other two methods; the main streams and major tributaries of the Lhasa River could be correctly reflected. Unlike the preprocessing program, a few more dense drainage networks were generated using the Dinf method, which extracts many tiny tributaries and makes some artificial branches (Figures 7(d) and 7(e)). The average distance calculated between the discrete points and the drainage networks extracted by the preprocessing program and the Dinf method were similar (about 3,803-3,808 m). The results calculated using the Agree method showed some deviations from actual streams, especially in the main stream; the average distance was longer than the average distance calculated using the other two methods (approximately 4,469 m) (Table 2) .
1,000 m DEM: Similar results were found using the 1,000 m resolution of DEM data with the same threshold (1,000 km 2 ) (Figures 8(a) and (b) ). The only difference was that the drainage extracted by the Dinf method was more coincident with the actual stream than that extracted by the preprocessing program (approximately 4,459-4,532 m). Several tiny branches in the northwest and southern portions of the basin could be extracted with the Dinf method, which were close to the actual one (Figures 8(c) and 8(d) ). A more accurate drainage network was extracted from the northeastern part of the basin by the preprocessing program than the other two methods, which cannot be reflected by the average distance due to the uneven distribution of discrete points (Figure 8(e) ). and Agree methods and the stream generated by the preprocessing program showed large differences compared to reality (Figure 9(a) ). Although the average distances calculated by the preprocessing program were smaller than the average distances calculated using the other two methods (about 11,046 m to 12,324 and 24,157 m), the drainage networks extracted by the preprocessing program were not necessarily better (Figure 9(b) ). From the location and shape of the extracted drainage networks, the Agree and Dinf methods Based on these findings, three additional river basins with high resolution DEM data were selected for a detailed analysis.
Drainage network extracted from different basins with high resolution data
Case studies from different types of basins (Wei River, Zhangweinan River and Sanchuan River basins) with high resolution of DEM data (90 m) were used to evaluate the performance of three methods. For instance, the Wei River basin (134,800 km 2 ) is asymmetric and distributed in a fan-shape, the terrain of which is high in the western area and low in the eastern area (Figure 10(a) ). The Zhangweinan River basin (37,700 km 2 ) is high in the western part and low in the eastern part and includes mountainous areas (68%) and plains areas (32%) (Figure 11(a) ). As part of the Yellow River basin, the Sanchuan River basin (4,161 km 2 ) is a typical small watershed located in the hilly-gully areas on the Loess Plateau, which is high-lying in the north-east and has an average altitude of 1,460 m (Figure 12(a) ). Based on the analysis calculated from the Lhasa River basin, the threshold value was adjusted to be approximately 1/32 of the catchment area for each case study (Table 3) .
Wei River: The main stream and two secondary tributaries (Jing River and Luo River) of the Wei River basin were divided into limited points to compute their distance with extracted drainage networks (Figure 10(a) ).
In general, the Luo River and the Jing River could be correctly identified from the drainage networks extracted by three methods. However, both Dinf and Agree methods did not attach the Luo River to the main stream and generated it as an independent stream. Although some differences near the outlet were also found between the Luo River and the extracted one using the preprocessing program, the Agree and Dinf methods, respectively; (e) the distance calculated between the discrete points and the drainage extracted by the three methods.
hydrological connectivity of the whole basin was basically reflected (Figures 10(b)-10(d) ).
The main stream extracted by the Dinf method was denser than the main stream extracted by the other two methods and was more accurate. Different from the Dinf and Agree methods, the results from the preprocessing program showed several deviations in the eastern part of the main stream in that three branches were connected together in the north. The same biases were found in the southeast region of the basin.
It was found that all three methods performed well in regions that had large terrain variations and made errors in flat and depressed areas. The longest average distance was calculated in the main stream, the second longest in the Luo River and the Jing River had the shortest average distance (Table 4 ). The average distances calculated by the Dinf method and the preprocessing program were similar and were smaller than the distance calculated with the Agree method (approximately 1,431, 1,436 and 1,645 m).
Zhangweinan River: The Zhangweinan River is made up of three tributaries (the Zhang, the Wei and the New Zhangwei), which were divided into several points to calculate distances (Figure 11(a) ). None of the three methods could perfectly represent the drainage networks of the Zhangweinan River basin.
Drainage networks extracted by the preprocessing program were very different with the actual drainage networks in the major tributaries of the Zhang River in the northwestern part of the basin. There was also an incorrect link between the Zhang River and the Wei River in the central part of the basin (Figure 11(b) ). The Agree method performed a little better in the Zhang and the Wei River, but some disconnected networks appeared over the plains and led to a discontinuous river network ( Figure 11(c) ). Similar to the Agree method, disconnected networks were extracted in the northern part of the basin using the Dinf method. However, many parallel streams were generated in the central areas of the basin and a secondary tributary of the Zhang River could not be identified by the Dinf method (Figure 11(d) ).
As a special river basin, most of the Zhangweinan River basin is composed of low-lying plains in the east and hills and mountains in the west, which makes it hard to extract drainage networks using only DEM data. Despite these problems, the stream that was extracted was similar to the actual one and more detailed information of the drainage network could be efficiently reflected by the three methods.
For comparison, it was found that the Agree method performed well in the Zhang and Wei River but performed poorly in the New Zhangwei River. In contrast, a more realistic drainage network was generated in the New Zhangwei River and only a small inaccurate network was obtained in the Zhang and Wei rivers using the preprocessing program ( Figure 11(e) ). For the whole catchment, the structural characteristics of the river network were better reflected with the preprocessing program, which is more similar to the real one than those obtained by using both Agree and Dinf methods (the average distance of 3,652 m to 8,036 and 8,709 m, Table 5 ).
Sanchuan River: The main stream, the North River and the South River of the Sanchuan River were divided into several points to calculate the distance between the extracted drainage networks and those points (Figure 12(a) ). There were some deviations extracted in the central part of the main stream by the preprocessing program ( Figure 12(b) ). The drainage network extracted by the Agree method was more consistent with the actual one than the drainage networks extracted by the other two methods in the basin with mountainous landscape features ( Figure 12(c) ). A dense drainage network was generated by the Dinf method but it had several artificial branches in the main stream and in the North River (Figure 12(d) ).
In general, the average distance calculated by the Agree method varied little from the results calculated by the Dinf method and the preprocessing program (151-171 m) ( Figure 12 (e), Table 6 ).
From the above three case studies, it is known that the Agree and Dinf methods performed well in regions where topography fluctuation was large and that the drainage network extracted by the Dinf method was denser than the drainage networks extracted by the other two methods using the same threshold.
An advantage of the preprocessing program is that discontinuous networks can be avoided, especially in plains and depression areas without sink filling. In addition, fewer artificial branches and parallel networks were generated by the preprocessing program. Despite some difference occurring in several tributes, the entire extracted drainage network correctly reflected the topology structure of the drainage network and the relationship between each major branch using different types of DEM data.
Sub-basin division
Sub-basins were determined based on the flow accumulation matrix and flow direction matrix by a leaf clipping method in the preprocessing program. Similar to the drainage network extraction, a threshold for flow accumulation was required for the division of sub-basins, the value of which determined the shape and area of each sub-basin. Therefore, different thresholds were selected in these three case studies for comparison.
The Wei River basin was divided into 24 and 93 subbasins according to the threshold values of 5,000 and 1,250 km 2 , respectively (Figures 13(a1) and (a2)). As seen from the results, sub-basins were divided following the flow direction from upstream to downstream with identical areas, and the topology relationships among these subbasins were built by the leaf clipping method. However, many fragments were generated in the case study of the Zhangweinan River basin, the whole catchment of which was divided into 24 and 93 sub-basins according to the threshold values of 5,000 and 1,250 km 2 , respectively (Figures 13 (b1) and (b2)). This problem most likely occurs in the areas with vast plains and special drainage systems.
The results in the Sanchuan River basin performed better than the previous two case studies. The basin was divided into 24 and 93 sub-basins according to the thresholds of 5,000 and 1,250 km 2 , respectively (Figures 13 (c1) and (c2)).
Generally, sub-basins divided by smaller thresholds were acceptable based on the correct mainstream identification in these three case studies. For more dense sub-basins, the leaf clipping method still needs to be improved for use in the future.
CONCLUSIONS
A preprocessing program is presented in this paper, in which the user can automatically delineate river basins and extract drainage networks from DEM data. An advantage of this program is that drainage networks can be extracted from a multi-resolution DEM dataset without sink filling that can correctly reflect hydrological characteristics of the basin, and disconnected or parallel drainage networks can be avoided, especially in plain and depression areas. In addition, a leaf clipping method was presented for sub-basin division and the runoff routing order was identified for hydrological simulation in the preprocessing program.
The limitation of the preprocessing program is, however, sensitive to the topography of the basin, resolution of the DEM data and the flow accumulation threshold. This program is applied to limited studies and therefore should be considered as a preliminary attempt. Further testing and development will be needed to extract drainage networks from the region that contains large lakes or dams. This will enable the identification of variable and critical contribution drainage areas that reflect human activities in the drainage areas.
